Abstract-We investigated the ability of certain triblock copolymer surfactant poloxamers of the form polyethylene oxidepolypropylene oxide-polyethylene oxide (PEO-PPO-PEO), to prevent formation of stable aggregates of heat denatured hen egg lysozyme. Differential scanning calorimetry (DSC) and synchrotron small angle x-ray scattering (SAXS) experiments were performed to study the thermodynamics and solution structures of lysozyme at temperatures between 20 and 90
INTRODUCTION
Denaturation of tissue proteins following exposure to supra-physiological temperatures or other various stresses is thought to be a major cause of tissue death. Enhanced thermotolerance can be induced in biological cells by heat stress preconditioning. 15, 21, 27, 43 The molecular mechanism of this thermotolerance involves increased biosynthesis of heat shock proteins (HSPs) that chaperone refolding of heat denatured proteins. The possibility to induce thermotolerance implies that increased concentrations of chaperones can reverse thermal damage to cells. Thus, if it is feasible to administer synthetic chaperones that augment or mimic the effect of natural chaperones, it may be possible to therapeutically augment thermotolerance following burn and similar trauma. In situations when normal cellular repair functions 3, 19, 21 are incapable of managing the injury caused by heat, the currently available choices are limited for pharmaceutical interventions that could augment the chaperone function of the HSPs. Therefore, development of effective synthetic molecular chaperones which can be delivered through circulation to sites of tissue injury is badly needed to improve trauma therapeutics.
It is well established that several HSPs can catalyze solubilization and refolding of stable protein aggregates. 4 The mechanism of refolding by HSPs, usually involves binding to the unfolded proteins to prevent or reduce the self-association of denatured proteins. 13, 45 In principle, unfolded proteins may spontaneously refold to their native states, or intermediate states, if their aggregation is prevented. 10, 29, 33 Early attempts to mimic the chaperone function have focused on preventing self-association of unfolded proteins by using detergents. [6] [7] [8] 35, 36 Rozema and Gellman developed a two-step method to assist refolding of proteins from a chemically denatured state. 35, 36 In the first step the unfolded proteins were captured by an ionic detergent (e.g., tetradecyltrimethylammonium bromide, cetyltrimethylammonium bromide) during the dilution of the denaturant, thus preventing the aggregation of unfolded proteins driven by hydrophobic interaction. Subsequently, when the denaturant concentration decreased to a level that favors refolding of proteins, a cyclodextrin was used to strip the detergent from the protein and allow them to refold. This method, resembling the action of the E. coli GroEL/GroES system, 18 has been shown to be viable in refolding several chemically denatured proteins such as carbonic anhydrase B, citrate synthase and lysozyme, 9, 17, 28, 35, 36 as well as thermally denatured creatine kinase. 36 Ionic detergents are generally toxic and cannot be used for clinical applications. On the other hand non-ionic polar polymers, such as PEG, are biocompatible and known to mimic the behavior of molecular chaperones. [6] [7] [8] At concentrations that assure an efficient coating of the surfaces of the proteins in solution, low molecular weight PEG has been shown to increase the refolding yield of denatured proteins. 7 Further studies revealed that the PEG molecules, in addition to sterically preventing protein-protein association 2, 23 at elevated temperatures, might alter the water structure at the interface of denatured proteins and initiate the protein refolding. 37 Another interesting study reported that PEG bound to a thermo-reactive hydrophobic head [poly(propylene oxide)-phenyl group, (PPO-Ph)] can function as a temperature-responsive synthetic chaperone at 40-50
• C. 22, 44 This result correlates well with the observation from mutational studies that E. coli GroEL residues important for substrate binding tend to be hydrophobic. 39 Thus it would be interesting to explore and exploit non-ionic amphiphilic detergents with several characteristics similar to natural molecular chaperones as potential candidates for treatment of tissue injuries caused by heat, radiation and chemicals.
We have demonstrated that Poloxamers can bind to exposed hydrophobic domains of lipid bilayers 32 facilitating the repair of disrupted cell membranes. 26, 31 Preliminary results showed that these polymers might be involved in the repair of proteins as well. 24 Towards our long term goal to learn about the effects of Poloxamers in the recovery of the cells and tissues, we plan to gain a fundamental understanding of the interaction of these polymers with different proteins in their denatured states. We hypothesize that surfactant compounds, like the poloxamers, will absorb onto the abnormally exposed hydrophobic regions of the unfolded proteins, alter local hydrophobic interactions as well as alter the local surface tension in such a fashion as to facilitate protein disaggregation and refolding. In this report we present the thermodynamic and structural data demonstrating that P188 and similar surfactants can function as artificial chaperones of heat denatured lysozyme. Future studies will focus on strategies to protect several other proteins with different sizes as well as protein complexes.
MATERIALS AND METHODS
We used DSC and SAXS to investigate the thermodynamic and structural aspects of lysozyme in solution at different temperatures and to investigate the ability of various amphiphilic triblock copolymer surfactants in preventing aggregation of thermally unfolded protein molecules and improve the refolding yield.
Differential Scanning Calorimetry
DSC can characterize the aggregation of unfolded proteins and the reversibility of the thermal unfolding of proteins from which the refolding yield can be measured. 29 For each sample we measured thermograms for two cycles of heating and cooling. The first thermogram reveals the characteristic temperature at which the proteins start to unfold and contains information about the difference in the heat capacity, enthalpy and entropy between the native and denatured states. The second thermogram, when compared to the first one, provides information on the thermal reversibility of the proteins and the extent of renaturation. Thus, the ratio of the areas under the heat capacity curves corresponding to the second (H 2 ) and first (H 1 ) heating processes can be used as a measure of protein renaturation. The difference between the value of (
) P for refolding in the presence of a given polymer and that for refolding (
) 0 in the absence of the polymer can be used to determine the efficiency of the polymers in refolding thermally denatured proteins. The behavior of the heat capacity curve at temperatures much higher than the mid-transition point T m can be used to identify the aggregation of unfolded proteins. For instance, a massive aggregation of unfolded proteins corresponds to a negative slope of the heat capacity baseline at temperatures in the post-denaturation region, T T m . 5 Thus, DSC can be used to determine the protein:polymer stoichiometric ratio at which the aggregation is inhibited or reduced.
DSC Experimental Protocol
We carried out DSC experiments of lysozyme solutions at 11.6 mg/ml (0.77 mM) in Tris buffer at pH 7.0 and at both 3.76 mg/ml (0.25 mM) and 11.6 mg/ml (0.77 mM) in citrate-phosphate buffer at pH of 5.2. Concentrations of Poloxamer P188 (PEO 76 PPO 29 PEO 76 ) in solutions were 6.5 mg/ml (0.77 mM) in Tris buffer and 0.1 mg/ml (0.012 mM) in citrate-phosphate buffer and those of Poloxamers P238 (PEO 104 PPO 39 PEO 104 ), P338 (PEO 132 PPO 60 PEO 132 ) and PEG (8KDa) were 8.8 mg/ml (0.77 mM), 11.24 mg/ml (0.77 mM) and 6.6 mg/ml (0.77 mM) in Tris buffer respectively. Initially the surfactant solution was loaded in both the sample cell and the reference cell of the calorimeter to obtain a baseline and equilibrate the system. Thermal denaturation profiles for the above protein solutions were measured using a differential scanning calorimeter (VP-DSC, MicroCal Inc., Northampton, MA, USA). For equilibration and baseline subtraction purposes surfactant was added to both the sample and reference cells, and this eliminates the caloric contributions from the structural changes of the polymer molecules. Therefore the thermograms represent the effect of the structural changes of only the protein in the buffer and polymer solutions. DSC experiments were carried out over a temperature range of 20-100
• C at a standard heating rate of 90
• C/h. Two thermograms were recorded for each sample. After the first heating to 100
• C, protein solutions were cooled to 20
• C and allowed to equilibrate for 15 min prior to initiation of the second heating cycle. The transition enthalpy of protein denaturation was determined by calculating the area under the heat capacity peak. The baseline under the peak was approximated by a spline fit before and after the transition. 34 The degree of renaturation was estimated from the ratio of the transition enthalpies for the renaturated and native proteins.
Small Angle X-ray Scattering
SAXS is a versatile tool to study the size, shape and aggregation of particles in a length scale of 1 to 50 nm at relevant conditions. It has been extensively used for the characterization of tertiary structural changes of proteins in solution, protein-protein interactions, micellization of block copolymers, 30 protein aggregation, quaternary structures 25, 40, 41 and the thermodynamics and kinetics of protein and RNA folding. 14, 20, 40 As shown by Guinier 16 the low Q region (Q = 4π/λ sin θ is the magnitude of the scattering vector where 2θ is the scattering angle and the λ is the wavelength of the X-rays) of the SAXS data can be approximated to be a Gaussian,
g . The slope and the Y-intercept of the line fit in the ln I(Q) versus Q 2 plot in a Q range where Q max ≤ 1.2/R g provide the radius of gyration (Rg) of the particle and the intensity at zero angle (I(0)). R g is the root-mean square distance of all the atoms in the scattering volume of the particle. If the SAXS data is available on an absolute scale I(0) can be used to determine the molecular weight (MW) of the scattering particle as
where C is the protein concentration in mg/ml, and ρ Protein and ρ solvent are the electron densities of the protein and solvent.
A power-law behavior in the low Q region of the SAXS data with respect to Q for small protein solutions typically indicates the presence of aggregation and the magnitude of the exponent can be used to learn about the nature of aggregation. For instance, if proteins aggregate as string of beads the magnitude of the exponent will be around 1 and higher values indicate the presence of larger aggregates. SAXS derived R g and MW for the aggregated systems correspond to second and first moments of their distribution respectively.
SAXS data of solutions consisting of proteins and polymers will provide information on the time and ensembleaveraged structures of both species. However the SAXS signals from the Poloxamer and PEG will be quite weak when compared to the protein due to their small X-ray scattering contrast. If the proteins and polymers do not form complexes then polymers contribution to the SAXS signal can be readily subtracted by a separate measurement of the polymer solution under identical solution conditions. However, if complexes do form its effect has to be taken into consideration. For a dilute solution consisting of lysozyme and polymer and lysozyme -polymer complex the scattered intensity can be expressed as
where I 0 is a constant, n lys and n poly are the number densities of the lysozyme and polymer molecules, n cpl is the number density of the complexes, b lys and b poly are the electron density difference of the lysozyme and the polymer with respect to the solvent. P lys (Q) and P poly (Q) are the form factors of lysozyme and the polymer respectively, P cpl (Q) is the form factor for the lysozyme/copolymer complex, and I b is the incoherent background scattering. The form factors P lys (Q), P poly (Q), and P cpl (Q) that describe the shapes of lysozyme, polymer and the complex are defined as
where the lysozyme and polymer molecules have been divided into z i and z j scattering elements respectively. For P lys (Q) and P poly (Q) z i = z j with both z i and z j scattering elements in the same molecule (lysozyme or polymer), while for P cpl (Q) of the complexes the z i scattering elements are in the lysozyme and the z j scattering elements are in the copolymer.
In this study the scattering from the pure copolymer was subtracted by using the SAXS data measured for the neat polymer solutions at similar temperatures. Hence the measured scattering signals from the protein solutions can be described by the first two terms of Eq. (1) . If the solution does not contain complexes then the second term will become zero and the background subtracted data will correspond solely to the lysozyme in solution. On the other hand, if complexes are present, the data will have contribution from the second term (cross-term) due to atomic vectors in the protein-polymer complexes. Of course, the magnitude of the cross-term will depend on the the size and concentration of the complexes as well as the contrast. In the present case, although the contrast for the polymer is quite low, if the complexes (larger size) do form, depending on their concentration, the cross-term will contribute to the overall scattering signal yielding higher R g value (z-average) for the solutions containing lysozyme and polymer.
SAXS Experiments
The SAXS experiments of the lysozyme solutions were performed at the BioCAT beam line at the Advanced Photon Source, Argonne National Laboratory. We investigated solutions at a protein to Poloxamer ratio of 1:1 and protein to PEG molar ratio of 1:2. Computer-controlled Hamilton brand syringes (MICROLAB 500 System) injected sample into a thermostated flow cell made up of a 1.5 mm diameter cylindrical quartz capillary. To reduce the possibility of radiation damage, samples were measured under constant flow conditions. The scattering data measured at identical configuration for the buffer and protein solutions enabled proper background subtraction. At a given condition 5 one second measurements were made during heating from 25 to 80
• C and cooling cycles at a rate of ∼1 • /min.
RESULTS
In the first set of DSC experiments we measured the stability of lysozyme in the range • C in the presence and absence of Poloxamers P188, P238 and P338 and PEG. Representative denaturation thermograms for 0.77 mM lysozyme in Tris buffer at pH = 7.0 are presented in Fig. 1 . DSC curves for the first and second heating cycles of neat lysozyme solution are shown using diamond and circle markers, while that corresponding to the second heating cycle of the protein denaturation in the presence of 0.77 mM P188 are shown using triangle markers. It is clear that the heat capacity of the denatured lysozyme, in general, is higher than that of the native state. 29 Table 1 summarizes the unfolding enthalpies for the first and second heating cycles of the protein solutions as well as the refolding yields in different solutions. Note. We present the average values (and standard deviations) for the unfolding enthalpies of the first (H 1 ) and second heating (H 2 ) cycles, and the refolding yields (
). The refolding yields of Lys in the presence of P188, P238 and PEG (1:5) are significantly higher than in the absence of any surfactant (P = 0.0011, 0.03 and 0.04, respectively). * P < 0.05 vs. Lys, * * P < 0.01 vs. Lys. The area under the second thermogram, corresponding to the protein solution containing P188, is larger than that corresponding to the neat solution. This can be attributed to the higher amount of refolded proteins in the presence of P188. This behavior was also observed, although to a lesser extent, for P238 and P338 polymers but not for PEG (Table 1 ). At 1:1 protein-polymer ratio, PEG has little effect on the refolded fraction when compared to the neat solution. However, a significant increase in protein refolding was observed at 5:1 molar ratio of PEG:lysozyme.
In Fig. 2 we show a denaturation thermogram (circle) of 0.77 mM lysozyme in a citrate phosphate buffer at pH 5.2 that seems to favor large protein aggregation as evidenced by a negative slope of the baseline at temperatures T > 85
• C. In fact, after the DSC experiments, we observed that the solutions become turbid. Although a negative slope of the baseline can also be an experimental artifact in the way baseline corrections of the DSC traces are done, we did take great care in our experiments to rule out that possibility. Thus, after the initial measurement of an adequate baseline for the buffer solution, we repeated the measurements of the denaturation thermogram for the protein solution several times at 20-40
• C to assure an accurate background subtraction. In conjunction with SAXS experiments (see below), we concluded that the negative slope of the baseline at temperatures T > 85
• C is solely due to protein aggregation. Significant reduction in aggregation of the unfolded proteins was observed with the addition of 0.012 mM P188 to protein solutions (triangle). In this case, we can see a flattening of the calorimetric curve at higher temperatures. These results clearly demonstrate the ability of P188 in reducing the aggregation of unfolded proteins.
We also investigated the effect of polymer addition to protein solutions subjected to heating cycle. In Fig. 3 we present denaturation thermograms (second heating cycle) of 0.25 mM lysozyme in neat solution in citrate phosphate buffer at pH = 5.2 (circle) and in 0.1 mM P188 solution (triangle). Interestingly, the results in Fig. 3 show that the P188 can break the protein aggregates and thus increase the refolding yield of proteins. The lag time allowed for equilibration of the protein solution between the two consecutive heating cycles was 1 h. We observe that the thermograms no longer show the presence of large aggregation present in the previous case. Protein aggregates normally exist even at this low protein concentration but the population of unfolded proteins undergoing aggregation was substantially reduced. Since the average distance between proteins increases with the decrease in protein concentration, the probability of aggregation of unfolded proteins through collision via diffusion is significantly reduced in dilute protein solutions. 12 Thus, the extent of aggregation and the size of the protein aggregates were small, such that the solutions with the P188 were less turbid after the DSC experiments. For lysozyme in neat solution the average value of the refolding yield ( refold a significant fraction of denatured proteins produced during the first heating cycle as the refolding yield increased to ( ) P188 for lysozyme refolding in the absence and presence of P188 are compared it is clear that P188 does lead to a significant reduction in the denatured protein concentration. Figure 4a and b show representative SAXS data of 0.13 mM lysozyme in Tris buffer (pH 7.0) both in the absence and presence of P188 at 1:1 molar ratio during heating from 30 to 78
• C and cooling to room temperature. It should be noted that 0.13 mM of P188 used here is much lower than its CMC of 0.357 mM at 55
• C. 1 The lack of micellization and the extremely low scattering contrast of P188 have significantly less effect on the overall scattering from lysozyme solutions. The log-log plot of the scattering data in the low Q region for the neat lysozyme solution (Fig. 4a ) exhibits a power-law with a slope around −1.6 at all temperatures, indicating the presence of large aggregates, while in P188 solution the protein aggregation is substantially less as evidenced by a smaller power-law slope (≤1) in the low Q region (Fig. 4b) . The scattering data in the intermediate to high Q region can be used to deduce the compactness of the individual proteins. It can be seen from Fig. 4a that the scattering data in the high Q region flatten with increasing temperature, indicating the unfolding of lysozyme during heating. The unfolding and refolding of lysozyme can be understood better by monitoring the radius of gyration (R g ) of the protein at different temperatures as shown in Fig. 5 . It is clear that the average R g of the protein increases from 15Å to 23Å when temperature is increased from 30 to ∼ 80
• C and decreases with decreasing temperature. The maximum uncertainty in the measured R g values is 0.5Å. The small hysterisis in the R g values for the neat lysozyme solution after one cycle of heating followed by cooling indicates the presence of a small amount of aggregation of lysozyme. Figure 5 also shows the temperature-dependent R g values of lysozyme solutions in the presence of P188 and PEG. The average R g values of lysozyme in both neat and P188 containing solutions are similar during a temperature increase up to 60 • C. At higher temperatures, the R g is larger by about 1.5Å in the P188 solution when compared to the neat solution. Interestingly, lysozyme in P188 solution does not recover to the R g in the neat solution at all temperatures during the cooling process. In fact, the average R g value of lysozyme in P188 solution is about 3Å larger after cooling to room temperature. We interpret this larger R g value to be due to the presence of small amount of lysozyme-P188 complex. This conclusion is supported by the fact the heat denatured lysozyme in the presence of P188 recovered its enzymatic activity to the tune of 80 to 90% while the heat denatured lysozyme in neat solution could recover only up to 58% of the enzymatic activity of the unheated lysozyme. 42 It should be noted that since the critical micelle temperature of 0.13 mM P188 is much higher than the temperatures used here, P188 will not form any micelles and the small size and scattering contrast of P188 molecules will have insignificant effect on the measured R g values.
Kratky plots (Q 2 .I(Q) vs. Q) have been routinely used to monitor the compactness of macromolecules. 14, 38, 41 The Kratky plot exhibits a plateau at the high Q region for particles with extended conformation, since the Debye function • C and gradually expands from a compact globular shape to a randomcoil structure at elevated temperatures (T > 78
• C) and folds back to its compact shape upon cooling. This is consistent with the DSC data in Fig. 1 wherein the heat capacity starts to increase at 50
• C indicating that both SAXS and DSC probe the same phenomenon. However, the decrease in peak intensity in the Kratky plot of the data at 40
• C during cooling (Fig. 6a) indicates that some proteins aggregate and will not recover to their native conformation. Clearly the Kratky plots for lysozyme in P188 solutions are quite different from those for the neat solution. In contrast to neat solution, the Kratky plots for the P188 solution in Fig. 6b show slightly negative slopes. Although lysozyme at elevated temperatures will be extended, as evidenced by the similarity of the thermograms in both the neat and P188 containing lysozyme solutions (Fig. 1) , the slightly higher R g value and the less extended shape in P188 solution at T > 60
• C suggest the presence of some protein/polymer complexes presumably formed through the hydrophobic interaction between the exposed hydrophobic residues of unfolded lysozyme molecules and the PPO segments of the P188.
DISCUSSION
The results presented clearly demonstrate the viability of triblock copolymers in chaperoning the heat denatured lysozyme by reducing their aggregation. We believe that the PPO segments of P188 interact with the hydrophobic areas of the denatured lysozyme while the PEO segments provide added steric protection against the self-association of denatured lysozyme at higher temperatures (see Fig. 7 ). We also observed that P188 can also break aggregates of unfolded proteins (see Fig. 7 ). SAXS and DSC data show that the refoldability of proteins in solutions containing small aggregates of unfolded proteins increased with the addition of P188. These effects are similar to those of natural molecular chaperones. 4 The SAXS data show that the size and conformation of the protein are similar during heating up to 60
• C in both solutions. Above this temperature, and also during cooling, the average R g values of the system in P188 solution remain larger (by about 3Å) when compared to that in the neat solution. At elevated temperatures, when lysozyme is unfolded, water becomes a poor solvent to the PPO segment of the Poloxamer and this enhances hydrophobic bonding between the exposed hydrophobic residues of the protein and the PPO segments. It should be noted that at these conditions P188 cannot form micelles. During cooling to room temperature, the hydrophobic interaction between the lysozyme and PPO segments tends to become weaker leading to the break down of the complexes and alteration of the dynamics of water at the hydrophobic interface 11 will drive the lysozyme molecules to refold. Given the fast kinetics of the folding process it is likely that a small fraction of Poloxamer molecules remain entangled with lysozyme molecules during refolding. However, some of these complexes will break down with time as the SAXS data of solutions measured after 2 h of equilibration indicated the average R g to recover to that of the native lysozyme (data not shown). The behavior of Poloxamer demonstrated here in assisting refolding of proteins resembles the chaperone function of some heat-shock proteins, such as Hsp70 and Hsp100. 3, 4, 13, 19, 21, 45 The SAXS data of the lysozyme in PEG solution resemble those of the P188 solution. The R g values of lysozyme solution at PEG: lysozyme = 2:1 shown in Fig. 5 have values intermediate to those for the lysozyme in neat and P188 solutions during the cooling process.
The Poloxamers P238 and P338 have also been observed to provide protection against temperature induced aggregation, but their efficiency is low when compared to P188 (data not shown). This can be reconciled by the fact that although P238 and P338 have similar EO/PO composition ratio as P188 (80%), their CMC and CMT are much lower due to their higher molecular weights. For instance, CMC for P188, P238 and P338 at 45
• C are 3.571 mM, 0.21 mM and 0.005 mM respectively. Their lower CMC values when compared to the polymer concentration of 0.13 mM used here lead to their micellization at much lower temperatures. Thus their depleted monomer concentration at elevated temperatures makes them unavailable to provide protection to the denatured proteins.
CONCLUSIONS
Currently burn trauma remains as a leading cause of death and disability throughout the world. To improve burn trauma outcomes, and perhaps the outcomes of similar injuries in which protein denaturation is a significant component, therapeutic strategies aimed at augmenting the natural cellular chaperone function to achieve proper refolding of proteins are needed. Our investigations reveal that certain Poloxamers are able to prevent the aggregation of unfolded lysozyme at elevated temperatures and thus enhance their refolding. The stoichiometric concentration required for this process is much lower for P188 than that for PEG, P238 and P338. The increased viability of P188 in the case of lysozyme might be due to its small hydrophobic PPO block that favors a better targeting of the hydrophobic residues of the unfolded proteins. Future studies will focus on the development of strategies to prevent aggregation of several proteins with different sizes and complexes using biocompatible Poloxamers as they will have important implications in protecting proteins from denaturation by thermal and other mechanisms.
